ABSTRACT: Experimental cloud-point data were obtained by cloud-point titration. The phase diagram for a ternary system of water-dimethylformamide-polyacrylonitrile was determined by numerical calculation on the basis of the extended Flory-Huggins theory and was found to agree well with the cloud-point data. To construct the theoretical phase diagram, three binary interaction parameters were obtained with different methods. The ternary phase diagram was used to investigate the mechanism of fiber formation. The skin-core structure and fingerlike pores in polyacrylonitrile fiber may be effectively eliminated if the composition of the spinning solution is properly chosen, and consequently, homogeneous polyacrylonitrile fiber with a bicontinuous structure and good mechanical properties can be obtained through the spinning process.
INTRODUCTION
Polyacrylonitrile (PAN) is soluble in many polar organic liquids, such as dimethylformamide (DMF), dimethyl sulfoxide, and dimethyl acetemide. PAN solutions with certain concentrations can be used as spinning solutions to produce precursor fibers for PAN-based carbon fibers, which largely determine the quality of PAN carbon fibers. The coagulation mechanism of PAN fibers during either wet spinning or dryjet wet spinning is very complex because of the coexistence of double diffusion and phase separation. During the formation of an as-spun PAN fiber, the concentrated polymer solution is transformed into a gel structure through a series of steps that involve the mixing and demixing of the components under a variety of environmental conditions. Thus, it is clearly desirable to formulate a thermodynamic framework applicable to the initial stages of fiber formation and using a ternary phase diagram is deemed effective in this respect.
When the polymer concentration is low in a ternary system, its phase diagram can be constructed with the method of cloud-point titration. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] At high polymer concentration, however, the interaction between macromolecules is so strong that the polymer solution shows signs of crystallization or becomes gel-like. [2] [3] [4] [5] From our previous studies, we learned the ternary phase diagram of a PAN solution with a concentration over 8% could not be obtained through the cloud-point titration method. Because the concentration of PAN solution used for spinning is usually over 10%, the Flory-Huggins theory for such polymer solutions, also extended by Tompa 12 to ternary systems containing nonsolvent, solvent, and polymer, is needed to establish the phase diagram, including the binodal curve, spinodal curve, and critical point. In this study, a ternary system consisting of PAN, DMF, and water (H 2 O), which is popular in the formation of PAN fibers, was investigated. Cloud-point titration was performed for PAN solutions with low concentrations to obtain the cloud-point curve, and the theoretical ternary phase diagram at a temperature of 258C was numerically calculated. PAN fibers were spun from the PAN solutions with different amount of H 2 O. The cross-section morphology and the mechanical properties of the fibers were studied. Some conclusions on thermodynamic problems of fiber formation were reached after carefully analysis of the results.
EXPERIMENTAL

Materials
PAN copolymers (acrylonitrile/itaconic acid 5 98 : 2) were purchased from Shanghai Institute of Synthetic Fiber (Shanghai, China) with a weight-average molecular weight of 8 3 10 4 g/mol. DMF (chemically pure) was purchased from Shanghai Chemical Reagent Co., Ltd. (Shanghai, China), and deionized H 2 O was used as the nonsolvent.
Determination of the cloud-point curve
The cloud-point curve was determined by the titration method. For this purpose, PAN in DMF solutions with concentrations of 1, 2, 3, 4, 5, 6, and 7 wt % were prepared by the mixing of a required amount of PAN powder and DMF in a round-bottom flask sealed with a rubber septum stopper. The mixture was stirred by an electric paddle stirrer for 2 h at 508C for swelling and for 5 h at 708C for dissolving. During the titration process, the temperature of the mixture was controlled at 258C with a thermostatic H 2 O bath. Deionized H 2 O was then introduced into the flask through the septum by a microsyringe while the stirrer was still working for a thorough mixing. At the first sight of turbidity, the addition of H 2 O was stopped, and the cloudy solution was agitated for 10 min and then left still for another 10 min. More H 2 O was added only when the solution became homogeneous again; otherwise, the determined point was considered as the onset of the cloud point. The composition of the cloud point was then determined by measurement of the amount of H 2 O, DMF, and PAN present in the flask.
Preparation of the PAN solution
A certain amount of PAN copolymer was dispersed in the mixture of DMF and H 2 O (the concentration of H 2 O was 2 wt %) in a three-necked bottle. The existence of H 2 O may accelerate the coagulation of the spinning solution for fiber or film preparation. The resulting slurry was allowed to swell at 50 and 608C for 2 h each and was stirred by an electric paddle stirrer. Subsequently, it was further stirred at 708C for 6 h to produce a viscous solution with 20 wt % PAN. Then, the solution was deaerated in a vacuum drying oven and kept at 708C.
Equilibrium swelling
PAN films were prepared by a casting method with the PAN solution, six strips of 5 3 6 mm 2 PAN films, each with a weight of about 0.3 g and a thickness of 50-60 lm. The strips were immersed in an H 2 O bath at constant temperature of 258C. After 24 h, the strips were removed, passed between tissue paper, and weighed in a weighting bottle to get their wet weight [W wet (g)]. Then, the wet strips were dried in a vacuum drying oven at 508C for 12 h so that their dry weight [W dry (g)] was also gained.
Fiber formation
Four 20 wt % PAN/DMF spinning solutions containing different amounts of H 2 O (0, 1, 3, and 5 wt %) were prepared with the aforementioned method. Dry-jet wet spinning was used to form the as-spun PAN fibers. The dope was spurted at 708C from a spinneret with a hole (diameter 5 0.8 mm, length-diameter ratio 5 10) and put into the coagulating bath with a DMF concentration of 50 wt % at 258C. The air gap between the spinneret and the coagulating bath was 3 cm. The extrusion velocity was 10.3 m/min, and the linear velocity of the first winding roller was fixed at 20.6 m/min, so the draw ratio was 2.
Mechanical properties of the as-spun fibers
The mechanical properties of the as-spun PAN fibers were measured on an XQ-1 tensile-testing machine (custom made by Donghua University, China) under standard testing conditions (i.e., relative humidity 5 65 6 2%, temperature 5 27 6 28C) with a crosshead speed of 10 mm/min at gauge length of 20 mm and an applied tension of 0.15 cN. In each case, 10 samples were tested, and the average values of tenacity and Young's modulus were obtained.
Cross-section morphology of the as-spun fibers
The cross sections of the as-spun fibers produced from the PAN solutions with different H 2 O contents were made on a Hardy's thin cross-section sampling device. The micrographs of the cross sections were taken with a JSM-5600LV scanning electron microscope (made by Jeol, Tokyo, Japan).
RESULTS AND DISCUSSION
Cloud-point data Figure 1 shows the cloud-point curve for the H 2 O-DMF-PAN system, which was the experimental binodal curve denoting the border between the compositions that were completely stable, metastable, or unstable.
Determination of the thermodynamic parameters
To calculate a phase diagram numerically, a set of three binary interaction parameter values should be known. The analysis of the binary systems allowed us to apply physically realistic values of binary interaction parameters to the ternary system investigated in this study. In the following text, the subscripts 1, 2, and 3 refer to the nonsolvent, solvent, and polymer, respectively.
H 2 O-DMF binary system
According to the literature, [13] [14] [15] [16] the Flory-Huggins interaction parameters for several solvent-nonsolvent binary systems can be expressed by the following equation:
where g 12 is a concentration-dependent interaction parameter of the H 2 O-DMF system a, b, and g are three parameters which differ for different binary systems, and / 2 is the volume fraction of DMF. For an H 2 O-DMF binary system at 258C, the values of a, b, and g are listed in Table I . 13 In this article, for the convenience of expression, g ij , which represents interaction parameters, is used on all occasions whether the interaction parameters are concentration-dependent or not.
The relation between g 12 and / 2 in eq. (1) is illustrated in Figure 2 . The value of g 12 decreased with increased values of / 2 . In addition, in the whole range of the concentration of DMF, g 12 was below 0.5, which indicated a strong polar interaction between H 2 O and DMF. This was also verified by the heat produced when H 2 O and DMF were mixed.
H 2 O-PAN binary system
To evaluate the interaction parameter of a nonsolvent-polymer (H 2 O-PAN) binary system (g 13 ), several experimental techniques can be used, such as equilibrium swelling, adsorption, osmotic pressure, and light scattering. 17, 18 Among these, the method of equilibrium swelling is simple and convenient as well as effective.
A polymer can be seen as a kind of swollen crosslinking network produced by entanglement and Van der Waals forces among macromolecular chains and crystalline regions. We used the Flory-Rehner theory to describe the swelling behavior of the polymer. 17 In the case that the nonsolvent does not interact strongly with the polymer, that is, the increment of polymer's weight after it is fully swollen is less than 30% of its initial weight, the elastic free enthalpy in the variation of free energy can be ignored, and we obtained the following equation:
where / 3 is the volume fraction of the polymer. Furthermore, for such an H 2 O-PAN system, the volume fraction of the PAN copolymer (/ 3 ) was determined through measurement of the augment of the copolymer's weight after the swelling experiment:
where q PAN and q water are the densities of the PAN copolymer and water, respectively. Consequently, the interaction parameter g 13 was obtained. The results of the experiments and calculations are listed in Table II . The data were taken from ref. 13 . We took the average of the six values of g 13 as the value to be used in the study, that is, g 13 5 1.95.
DMF-PAN binary system
There are many approaches to determine the solvent-polymer (DMF-PAN) interaction parameter (g 23 ), such as osmotic pressure, light scattering, 19 and gas-liquid equilibrium. 20 Among these, usually the gas-liquid equilibrium is experimentally preferred. 20 However, the partial vapor pressure of DMF was so low (0.35kPa at 208C) that this method became infeasible. We used a formula instead to evaluate g 23 :
where V i is the molar volume of DMF, d i and d j are the solubility parameters of component i and component j, respectively, T is the absolute temperature, and R is the gas constant. To evaluate g 23 , we must first know the solubility parameter (d) of the PAN copolymer, which can be calculated with the help of the molar gravitational constant F of different groups in repeated units. According to the ternary solubility parameter theory suggested by Hansen, d of the polymer can be calculated from the following equations:
where V is the total molar volume of all the groups included in the structural unit. Table III . 21 In this way, the components of d were obtained.
Following eqs. (5)- (8) and Table III , d and its components of the PAN copolymer used in this study were computed. The d values of the PAN copolymer and DMF are listed in Tables IV and V, respectively. 20 According to eq. (5) and Table IV, g 23 turned out to be equal to 0.077. The accuracy of g 23 was secondary, for its influence on the phase diagram was insignificant. The data were taken from ref. 21 . 
Binodal curve
The Gibbs free energy of mixing (DG m ) of a ternary polymer solution is defined as follows:
where n i represents the molar numbers and / i represents the volume fractions. v T is the ternary interaction parameter, which is often difficult to determine except to use an estimated value during the process of calculation. Then, according to the definition of chemical potential, three such equations hold for a ternary polymer solution as follows:
where v i denotes the molar volume of component i, 1, 2, 3) is the difference between the chemical potential of component i in the mixture and pure state.
On the basis of the definition of the binodal curve, the chemical potential of the polymer-rich phase and that of the polymer-lean phase achieve equilibrium:
In addition, the components in the two phases obey the material conservation equations:
Equations (10)- (14) include five coupled nonlinear equations with six unknowns: / 1,A , / 2,A , / 3,A , / 1,B , / 2,B , and / 3,B . If one of them is chosen as an independent value, they can be determined with a set of interaction parameters.
Spinodal curve
The spinodal of ternary systems satisfies the following equation:
The free energies G 22 , G 23 , and G 33 may be written as follows:
Still, the components of the ternary system obey the material conservation equation:
On the basis of eqs. (15)- (19) , the spinodal curve is again obtained by the choice of one of the parameters as an independent variable. 
Algorithm description
Altena and Smolders 22 computed the ternary phase diagram by calculating the minimum of the objective function with the least squares method. Here, we define the objective function of the binodal curve (F) as follows:
where
ðDl 2;A À Dl 2;B Þ, and
ðDl 3;A À Dl 3;B Þ. We defined the objective functions of the spinodal curve as follows:
We used Matlab 7.0 (Mathworks, Natick, MA) to compute the phase diagram of the H 2 O-DMF-PAN ternary system. Because the amount of PAN in the polymer-lean phase was very small, we assumed / 3,B was negligible. The initial composition of the polymer-rich phase is supposed to be a point on the ternary phase diagram that is close to the PAN side on the PAN-H 2 O axis, and the initial composition of the polymer-lean phase close to the H 2 O side.
Phase diagram for the H 2 O-DMF-PAN ternary system
The parameters needed for the calculation of the phase diagram for the H 2 O-DMF-PAN ternary system are listed in Table V . Figure 3 illustrates the theoretical binodal curve, spinodal curve, and the critical point (the crossing point of the two curves) for the H 2 O-DMF-PAN system. The ternary phase diagram is divided into three regions by the binodal curve and the spinodal curve, respectively. Region I is the homogeneous phase region, also called the miscible region. Region II and region III are the metastable and unstable regions, respectively. The critical polymer composition corresponding to the critical point is significant in that it determines the mechanism of the liquid-liquid demixing. If liquid-liquid demixing occurs in a PAN solution whose composition is above the critical point, primary nuclei will form in the polymer-lean phase. Droplets containing solvent, nonsolvent, and a bit of polymer disperse in the polymer-rich continuous phase and are driven to grow by the concentration gradient until the polymer-rich continuous phase solidifies through crystallization, gelation, or vitrification. 23 Otherwise, the primary nuclei in the polymer-rich phase form, and droplets of polymer-rich solution disperse in the polymer-lean continuous phase. Also driven by the concentration gradient, these droplets continue to grow until the polymerlean continuous phase solidifies. Right at the critical composition, the liquid-liquid demixing occurs at the unstable region (termed the spinodal decomposition) right at the critical composition, mechanically coherent bicontinuous structure, in which the polymer-rich and polymer-lean phases interpenetrate each other and form rapidly. Figure 4 shows the comparison of the theoretical binodal curve with the cloud-point curve. Boom et al. 2 reported that polydisperse polymer could cause the cloud-point curve not to coincide with the binodal curve completely. In Figure 4 , the low-concentration part of the theoretically calculated binodal curve is in good agreement with the experimentally determined cloud-point curve, which takes into account the polydispersity of the PAN copolymer used and the experimental errors. Figure 5 depicts the schematic phase diagram of another ternary system. The starting point represents the initial composition of the PAN solution; three arrows point to different changing routes of the composition in the ternary system. Arrow 1 reveals the growth of the concentrations of both PAN and the nonsolvent. Arrow 2 shows that the content of the solvent fell, whereas that of the nonsolvent grew, and the concentration of PAN remained almost constant. As for arrow 3, the concentrations of both PAN and the solvent decreased with increasing nonsolvent. It is known that after a spinning solution is extruded from spinneret, it enters a coagulating bath to form nascent fibers. During the formation of the fiber structure, double diffusion leads to a decrease in the composition of the solvent in the spinning solution and an increase in that of the nonsolvent. However, because the outer part of the fiber solidifies more quickly, as that is where the double diffusion initiates, a polymer-rich fiber skin with a denser structure forms, a consequence resulting from route 1 and termed instantaneous phase separation. On the other hand, as the rate of the double diffusion abates when it moves toward inside the fiber, the inner part of the fiber tends to solidify more slowly so that a polymer-lean core with a loose structure forms. This phenomenon corresponds to route 3, and we call it delayed phase separation. Because the outer part and inner part of the fiber undergo such phase separations with different solidification rates, the macromolecular chains of the PAN tend to migrate from the inner part out, which accelerates the formation of the skin-core structure. PAN fibers with a skincore structure have relatively poor mechanical properties because of such inhomogeneity in the whole fiber.
If the starting composition approaches the critical point, the PAN solution may jump to the unstable region without passing through the metastable region along route 2. Liquid-liquid demixing will then take place spontaneously, which leads to an interpenetrating bicontinuous structure. In this case, the resulting fiber is homogeneous and possesses good mechanical properties.
Analysis of the PAN fiber
The mechanical properties of the as-spun PAN fibers produced from PAN/DMF solutions with different H 2 O contents are listed in Table VI. With the increase of H 2 O content in the PAN spinning solution, both the tenacity and Young's modulus of the resultant fibers rose first and then decreased. Figure  6 shows the scanning electron micrographs of the cross sections of the PAN fibers. The number of the fingerlike pores on the cross section first decreased and then increased with H 2 O content. Also, the skin-core structure became less apparent when the H 2 O content increased from 0 to 3 wt %. When H 2 O continued to rise from 3 to 5 wt %, there was little change in the skin-core structure. These phenomena were not surprising when we considered the thermodynamic behavior of the PAN solution during fiber formation, as discussed previously. The composition of the PAN solution with 3 wt % H 2 O was near the critical point in the phase diagram, and it may have entered the unstable region following a route very close to route 2, shown in Figure 5 . Consequently, the resultant fiber had a comparatively homogeneous cross section with few fingerlike pores and exhibited better mechanical properties. The compositions of the PAN solutions without and with 1 wt % H 2 O were relatively far from the critical point, and they may have entered the metastable region. The formed fibers thus had a cross section with more pores and skin-core structure. For the PAN solution with 5 wt % H 2 O, the composition may have been so close to the critical point that the solution underwent liquid-liquid demixing or gelled to some extent before fiber formation, which explains the increased pores on the cross section and the reduced tenacity and Young's modulus of the as-spun fibers. 
